Context: The scientific literature shows conflicting evidence about the relationship between adiposity and bone mass in overweight and obese populations. Objective: The aim of this review was to quantify the correlation between adipose mass (absolute and relative) and bone mineral density (BMD) in overweight and obese populations. Data Sources: Three databases were searched electronically. In addition, reference lists of relevant articles were screened. Study Selection: A total of 16 studies, comprising 2587 participants and 75 correlation coefficients were selected for inclusion in the review. Data Extraction: Data were extracted from each study using a standardized form. Results: Multilevel modeling indicated opposing relationships between BMD and adiposity: absolute adiposity correlated positively, and relative adiposity negatively, with BMD. Sex and age were the primary moderators of these relationships. Strong evidence supported a negative relationship between relative adipose mass and BMD in men (R ¼ À0.37; 95%CI, À0.57 to À0.12) and in those aged less than 25 years (R ¼ À0.28; 95%CI, À0.45 to À0.08). Conclusion: To prevent bone loss in overweight and obese populations, nutritionand exercise-based interventions that focus on a controlled reduction of adipose mass with concomitant preservation of lean mass are recommended. Systematic Review Registration: PROSPERO no. CRD42015024313.
INTRODUCTION
The increasing prevalence of obesity is a global health problem, and recent statistics show that an estimated 38% of all adults are overweight, and 13% are obese. 1 In addition to the well-documented health consequences of increasing levels of overweight and obesity, 2 obesity also represents a substantial social and economic burden, owing to both direct (eg, increased healthcare costs) and indirect (eg, higher dependence on welfare due to premature retirement and unemployment; increased sick leave) costs. 3 The increasing prevalence of osteoporosis is another worldwide health issue with far-reaching social and economic consequences. Osteoporosis is estimated to cause more than 8.9 million fractures per year worldwide, 4 and, compared with 1990 statistics, the global incidence of osteoporosis-related hip fracture is predicted to increase by 310% in men and 240% in women by the year 2050.
Optimal management of these 2 chronic lifestyle-related and nutritionally modulated conditions is required to protect the long-term health of the world population and to decrease the associated social and economic burdens.
A more complete understanding of the relationships between the adipose and bone compartments of body composition is essential to the development of strategies to manage and treat obesity and osteoporosis. Historically, obesity has been thought to be protective of bone as a result of the increased loading by a greater total body mass, mediated through the action of various osteokines, adipokines, and myokines. 6, 7 Absolute body mass [8] [9] [10] and, in particular, lean mass 11 have been reported to be the strongest independent predictors of bone mineral density (BMD), which is the primary determinant in the diagnosis of osteoporosis. The relationship between adipose mass and BMD is more controversial, however, with both positive and negative correlations reported. 12, 13 A number of studies have reported higher BMDs in obese populations that were compared with normal-weight controls, 14, 15 and a recent meta-analysis conducted on a general population reported a positive correlation between adipose tissue mass and total body BMD (R ¼ 0.28; 95%CI, 0.21-0.31), 11 leading to the belief that adipose mass exerts a positive influence on bone mass.
Conversely, there is evidence that excess adiposity exerts a detrimental influence on bone, thought to occur via a number of mechanisms. [16] [17] [18] [19] For example, obesity is associated with increased oxidative stress, 20 which has consequences for bone health. Reactive oxygen species act as signaling molecules in the regulation of bone remodeling by mediating osteoclast differentiation. 21, 22 Elevations in levels of reactive oxygen species, as occur under conditions of oxidative stress, however, could cause a disproportionate increase in bone resorption, thereby increasing the rate of bone loss and contributing to the pathophysiology of a number of bone disorders. 23, 24 Both osteoblasts and adipocytes are derived from a common mesenchymal stem cell progenitor, and increased adipogenesis may occur at the expense of osteogenesis. 16 In support of this argument is evidence that osteoporosis is associated with an increased prevalence of fat within the bone marrow, 25 although it is not clear whether this is the cause of bone loss or whether fat subsequently fills the medullary spaces once bone is already lost. 26 Additionally, obesity typically results, at least in part, from a sedentary lifestyle, 27 whereas adaptation to physical-activity-induced loading increases bone mass and function 28, 29 while subsequently reducing adiposity and positively influencing adipose structure and regulation. 30 It appears paradoxical, therefore, to assume that the positive relationship between adiposity and bone mass reported in the general population 11 would also be present in overweight or obese populations.
The available evidence indicates that adipose tissue mass may exert a dual effect on BMD, with both high and low adipose levels causing adverse skeletal effects. 31 Both overweight and underweight states are associated with increased fracture incidence at various sites, 32 suggesting that the relationship between adiposity and bone is biphasic, whereby optimal adiposity exerts a beneficial adaptive effect on bone, while higher or lower levels are detrimental. The effects of underweight on bone health are better known than the effects of overweight and obesity. 33 Therefore, the aim of this systematic review and meta-analysis was to quantify the correlations between absolute and relative adipose tissue mass and BMD in overweight and obese populations and to consider the influence of modifying covariates, including sex, age, and body mass index (BMI) category on these correlations.
METHODS

Study eligibility
The protocol for this study was designed in accordance with PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines 34 and was registered prospectively in an international register of systematic reviews (PROSPERO, registration no. CRD42015024313). The PICOS (Population, Intervention, Comparator, Outcomes, and Study Design) approach was used to guide the determination of inclusion and exclusion criteria for this review ( Table 1) .
The population was restricted to individuals who were overweight or obese. Such individuals were identified through the selection criteria of the assessed articles. Where appropriate, population-specific criteria for overweight or obesity were used. For example, World Health Organization (WHO) criteria were considered to underestimate the prevalence of obesity in Chinese adults, 35 and the following revised criteria were proposed by the Working Group on Obesity in China on the basis of meta-analyses of associations between BMI and cardiovascular disease risk factors and events 36, 37 : a BMI between 23.0 and 27.9 was proposed for overweight and a BMI > 28.0 for obesity. In addition, data from pediatric populations were included if the study inclusion criteria defined overweight or obesity on the basis of validated age-specific criteria. If the stated inclusion/exclusion criteria from each study did not confirm that the population were overweight or obese, data were included if the sample mean BMI minus 1 standard deviation was 25 kg/m were overweight according to WHO criteria and assuming that the data were distributed parametrically. Men and women of any age were considered for inclusion in the review. Individuals with medical conditions or taking medications that may be related to the development of secondary osteoporosis, eg, thyroid dysfunction, hypogonadism, genetic abnormalities (eg, osteoporosis imperfecta), or physical disabilities, were excluded from the review. In addition, athletic populations were also excluded, as regular training may result in a state of overweight or obesity owing to high muscularity rather than to adiposity.
No intervention or comparators were identified for this review; however, only studies that reported a correlation between adipose mass and BMD were considered for inclusion. Outcome measures included a measure of adipose mass (absolute or relative). Absolute adipose mass was defined as the total amount of adipose tissue (in kilograms), while relative adipose mass was defined as the percentage of adipose tissue relative to total body mass. Adipose mass assessed using dual-energy X-ray absorptiometry (DXA) was considered the primary outcome measure of interest, as DXA has been described as a criterion method for body composition assessment. 38 Studies that used indirect methods of body composition assessment (eg, skinfold assessment) were also considered for inclusion, provided they used validated techniques. Studies were also required to provide data describing BMD of the total body, total hip, femoral neck, or lumbar spine assessed by DXA (g/cm 2 ). Only original human studies published in English between 1980 and 2016 were considered. The reference lists of the identified review articles were screened for relevant original studies, but such reviews were not included. Intervention studies were considered only if the preintervention information provided met the inclusion/exclusion criteria outlined above.
Search strategy
An electronic search of 3 literature databases (MEDLINE, Embase, and ScienceDirect) was undertaken independently by 2 members of the review team (E.D. and P.A.S.) using a 3-stage screening process, ie, (1) title/abstract; (2) full-text screen; and (3) full-text appraisal. The keywords "bone" OR "BMD" within the title were concatenated with "body composition" OR "fat" OR "lean" OR "muscle" OR "fat-free" OR "adipose" within the title, abstract, or keywords. Results were limited as described within the inclusion/exclusion criteria outlined above and in accordance with the filter options provided within each database. In addition, reference lists of relevant original and review articles were screened in an attempt to obtain all pertinent studies. The search was completed in July 2016.
Assessment of methodological quality and data extraction
Included studies were assessed for methodological validity, and data were extracted by 2 independent reviewers (E.D. and P.A.S. or J.O.R.) using a prepiloted template based on the McMaster University Critical Review Form for Quantitative Studies and adapted for specific use in this review. This tool was selected based on its relevance for all quantitative studies, as opposed to other widely used tools (eg, CONSORT) that are primarily applicable to randomized controlled trials and are, therefore, of limited relevance for this particular review, which mainly examined cross-sectional investigations. Data were extracted regarding study design, participant characteristics (sample size, sex, ethnicity, age, and BMI), selection procedures, equipment used, outcome measures (total body BMD, < lumbar spine BMD, total hip and femoral neck BMD, and adipose mass), and procedures used for data analysis and reporting. The primary analysis variable was the bivariate Results from studies that reported multivariate correlations and did not isolate the correlation between adipose mass and BMD
Study design
All study designs were considered for inclusion, provided they adhered to the criteria described above.
Cross-sectional designs were considered most likely to contain the required information Abbreviations: BMD, bone mineral density.
correlation coefficient between adipose mass and BMD (total body, lumbar spine, total hip, and femoral neck), although multivariate coefficients were considered if they controlled for nonlifestyle-associated nonmodifiable factors (eg, sex). The 2 measures of adiposity included were absolute adipose mass (in kilograms) and relative adipose mass (percent body mass), thus allowing a total of 8 correlation coefficients to be extracted.
Secondary analyses examined the moderating effect of 3 subgroups, ie, sex, age, and BMI category (overweight and obese). Age categories were included on the basis of a strong body of evidence indicating that the physiological stage of development contributes substantially to variations in BMD. 39, 40 Three age categories were included within the multilevel model, ie, < 25, 25-55, and > 55 years. These classifications were selected in order to represent the 3 main phases of the bone's lifecycle, ie, development, maintenance, and decline. 41 Age categories were assigned on the basis of the mean age reported. Participants were assigned to the obese group if the reported BMI minus 1 standard deviation was ! 30 kg/m 2 . In addition, results were considered in relation to sex categories, as evidence indicates that sexual dimorphism may impact the results attained. 42 
Data synthesis
Correlation coefficients were converted to Fisher's z scale using the transformation z ¼ 0:5 Â ln ð1 þ r=1 À rÞ, where r is the correlation coefficient. The variance of z was approximated from V Z ¼ 1=n À 3, where n was the sample size used to calculate the correlation coefficient. All meta-analyses and meta-regressions were estimated using a 3-level mixed-effects model to account for dependencies within the data caused by 11 of the 16 included studies reporting correlation coefficients for more than 1 site. The basic model consisted of 3 regression equations, 1 for each level:
The equation at the first level states that z jk , the jth observed transformed correlation from study k, is equal to the corresponding population value b jk plus a random deviation, 2 jk , that is normally distributed, with mean zero and variance obtained as described above. The second-level equation represents the outcome level and states that the population effects for the different outcomes within a study can be decomposed into a study mean (h ok ) and random residuals (v jk ).
The third level is an extension of the common random-effects model and states that mean study effects h ok can vary around the overall mean c 0o with the random variation l ok
The between-study variance in the transformed correlations, r 2 l , reflects the covariance between measures from the same study. Once summary effects and confidence limits were obtained using Fisher's z metric, values were then converted back to correlations using the transformation r ¼ e 2z À 1=e 2z þ 1. Models were extended by incorporating fixed effects in an attempt to further explain the variation in the transformed correlations. The fixed effects assessed included sex, age, and BMI classification. All data were analyzed using the rma and rma.mv functions in the metafor package 44 in R (R Foundation for Statistical Computing, Vienna, Austria). Results were interpreted according to the statistical probabilities of rejecting the null hypothesis (H 0 ) and in the following categories: P > 0.1: no evidence against H 0 ; 0.05 < P < 0.1: weak evidence against H 0 ; 0.01 < P < 0.05: some evidence against H 0 ; 0.001 < P < 0.01: strong evidence against H 0 ; < P < 0.001: very strong evidence against H 0 .
RESULTS
Search strategy and characteristics of included studies
Sixteen studies, which included 2587 participants and 75 correlation coefficients, were included in the metaanalysis. [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] A total of 6631 articles were initially identified through the database search, and use of the subsequent 3-stage screening process resulted in a total of 15 articles selected for inclusion in the meta-analysis (Figure 1) . A secondary screening of the reference lists from relevant original and review articles (n ¼ 32) was also conducted using the same screening process, resulting in the inclusion of 1 additional article in the review; thus, 16 articles in total were included. One article was excluded at the critical appraisal stage because it reported a study containing the same data set as that previously reported in a study already included. 61 Study characteristics and data extracted from all included articles are reported in Table 2 45-60 and Table 3 45-60 . The sample included in this meta-analysis included 1411 females and 1176 males and came from a range of age groups: < 25 years (n ¼ 713 49, 50, 53, 54, 58, 60 ); 25-55 years (n ¼ 618 45, 47, 48, 51, 56, 57 ); and > 55 years (n ¼ 1256). 46, 52, 55, 59 Primary analysis
Results from the meta-analysis showed opposing relationships when BMD was considered in relation to absolute adipose mass and relative adipose mass, with absolute adipose mass positively and relative adipose mass negatively correlated with BMD (Tables 4 and 5 ). Very strong evidence supporting the positive correlation between BMD and absolute adipose mass was obtained at all BMD sites (R ¼ 0.22 to 0.27; P < 0.001 to P ¼ 0.006), whereas no evidence or weak evidence of negative relationships was obtained for BMD and relative adipose mass (R ¼ À0.2 to À0.08; P ¼ 0.058 to 0.424). Comparison between effect sizes estimated across BMD sites demonstrated homogeneity for both absolute and relative adipose mass, with no evidence of differences obtained (P > 0.453 and P > 0.238, respectively). As a result, data across BMD sites were pooled when the moderating effects of the subgroup categories were considered.
Secondary analysis (sex)
Very strong evidence of a positive correlation between absolute adipose mass and BMD was obtained in women (R ¼ 0.37; 95%CI, 0.26-0.47). In contrast, only weak evidence of a positive correlation between absolute adipose mass and BMD was obtained in men (R ¼ 0.11; 95%CI, À0.02 to 0.23). There was strong evidence of a difference between men and women in the correlation of BMD with absolute adipose mass (P < 0.001). Strong evidence of a moderating effect of sex was also identified for the relationship between relative adipose mass and BMD (P ¼ 0.0108). Relative adipose mass was negatively correlated with BMD in men (R ¼ À0.37; 95%CI, À0.57 to À0.12), while there was no evidence of a relationship in women (R ¼ 0.03; 95%CI, À0.19 to 0.25).
Secondary analysis (age)
Correlations between BMD and absolute adipose mass (in kilograms) were positive for all 3 age categories (< 25, 25-55, > 55 years). Correlations did not differ between the groups (P ! 0.737), but evidence supporting a positive relationship was found only for the age categories < 25 years (P ¼ 0.010) and 25-55 years (P ¼ 0.010) ( Table 4 ). In contrast, correlations between BMD and relative adipose mass were shown to be negative for the age categories < 25 years and > 55 years and positive for age category 25-55 years (Table 5) . However, strong evidence against the null hypothesis was obtained for the negative relationship estimated for the youngest group only (R ¼ À0.28; 95%CI, À0.45 to À0.08).
Secondary analysis (BMI class)
There was very strong evidence of a positive correlation between absolute adipose mass and BMD in both the overweight and the obese subgroups (P < 0.001; Table 4 ). In addition, no evidence was obtained for a difference in the magnitude of the effect size for each group (P ¼ 0.124). In contrast, evidence of a relationship between relative adipose mass and BMD was obtained for the obese group only (R ¼ À0.20; 95%CI, À0.38 to À0.01; Table 5 ).
Combined analyses
As sex and age exerted the primary moderating effects on the correlations reported, combined analyses were conducted to determine if these variables had effects that were independent of each other. No evidence of interaction effects between the factors was obtained for absolute adipose mass or relative adipose mass (P ¼ 0.611 and P ¼ 0.741, respectively). When considering the correlation between absolute adipose mass (in kilograms) and BMD, no evidence of a moderating effect of age was obtained after controlling for the effect of sex (P ¼ 0.223), whereas very strong evidence of a moderating effect of sex was obtained after controlling for the effects of age (P < 0.001). Conversely, when considering the correlation between relative adipose mass and BMD, some evidence of a moderating effect of both age and sex remained after controlling for the influence of the other (P < 0.05).
Additional study information
Information related to factors that may act as potential sources of bias are presented in Table S1 in the Supporting Information online. All included studies reported simple bivariate correlations between adipose mass and bone mass, apart from 2 studies, 1 of which controlled for the linear effects of age, 47 and the other of which controlled for age and pubertal status. 53 A sensitivity analysis that excluded the data from these 2 studies was conducted, and the results obtained made no substantive changes to either the model results or the interpretation. Fourteen of the 16 studies included in this review (88%) assessed adiposity using DXA-derived outcome measures. One study assessed relative adiposity using skinfold assessment of Represents studies for which descriptive data corresponding to the extracted correlation coefficient were not available. Subgroup statistics were subsequently combined to report representative means and standard deviations for the relevant group. subcutaneous adipose tissue, followed by conversion to percent body mass, 47 while another estimated adiposity from DXA software (GE enCORE software, V.11.10), which predicted adiposity on the basis of DXA images of the lumbar spine and femur. 52 In order to determine if the inclusion of these studies, which employed different and potentially less reliable means of assessing body composition, had any impact on the study findings, an additional sensitivity analysis was conducted following the exclusion of these 2 studies. Once again, the results obtained did not make any meaningful changes to the models reported or to the interpretation of results.
Participation in physical activity is known to impact BMD and may actually alter the relationship between adiposity and bone in certain populations. 62 The majority of studies either excluded individuals who participated in regular physical activity or confirmed that BMD was not influenced by the level of physical activity, although some studies did not confirm the physical activity status of the sample. 48, 49, [51] [52] [53] Selective outcome reporting represents another source of potential bias. One study only reported correlations that were statistically significant. 49 In addition, many of the studies reported correlations between BMD and either absolute adipose mass or relative adipose mass, but not both (Table 3) .
DISCUSSION
The primary finding of this meta-analysis was that adipose mass showed an opposing correlation with BMD, a which depended on whether adiposity was expressed as an absolute or relative entity. Absolute adipose mass was positively correlated, and relative adipose mass negatively correlated, with BMD. Secondary analyses indicated that various factors exerted a moderating influence on these findings, with sex and age predominantly impacting the reported correlations. The relationship between adipose mass and BMD has been the subject of a number of narrative reviews in recent years, [17] [18] [19] 63 and conflicting findings related to the influence of obesity on bone mass have been reported. 64, 65 This is the first review to employ a meta-analytic approach to the quantification of the relationship between adipose tissue and bone mass in overweight and obese populations, allowing many of the limitations of narrative syntheses and single studies to be overcome and providing a quantitative answer to this contentious topic.
Evidence of a positive relationship between absolute adipose mass and BMD was obtained and was strongest for women (R ¼ 0.37; 95%CI, 0.26-0.47). There are a number of potential mechanisms that might explain this finding. In particular, the effect of either increased loading caused by the influence of excess adiposity on absolute body mass or an upregulation of specific adipokines may exert a beneficial impact on BMD in this population. 6 An alternative explanation, however, might relate to the effect of adipose mass colinearity with other variables known to exert a positive influence on bone mass (ie, lean mass and absolute body mass). Positive relationships between adipose tissue and bone mass have been shown to be inverted once absolute body mass was included as a covariate in the model, [66] [67] [68] which has been interpreted as illustrating a negative effect of adipose mass per se. This interpretation is statistically flawed, however, since adipose mass is a major component of absolute body mass, which is positively related to BMD. 69 Further research is required to identify the statistical factors and biological mechanisms underpinning the positive relationships reported between these compartments of body composition. The results of this review are similar in both direction and magnitude to those reported previously for the general population, however, 11 and show that previously reported correlations are not altered in overweight or obese groups.
In contrast to the positive correlation reported between absolute adipose mass and BMD was the negative correlation reported between relative adipose mass and BMD, with the strongest evidence of this relationship obtained for men and those aged less than 25 years (Table 5 ). This shows that excess adiposity exerts a negative influence on bone, but only when accompanied by reduced lean mass and a higher relative proportion of adipose tissue. The primary mediator in the differentiation between adipose mass and lean mass is physical activity, making it likely that those with a higher level of adiposity and lower lean mass will experience less activity-related mechanical loading, which will have negative consequences for BMD. Contrasting results regarding the correlation between relative adiposity and BMD have been reported previously. 61, 70, 71 It has been shown, however, that relative adipose mass assumes a negative relationship with BMD between 33% and 38% body fat. 63 Taken collectively, these results indicate a parabolic and biphasic relationship between relative adiposity and BMD, with higher relative adiposity levels exerting a negative influence on BMD. Subgroup analyses within the current study showed that this correlation was larger and had a stronger probability of rejecting H 0 in the obese groups (R ¼ À0.20; 95%CI, À0.38 to À0.01) than in the overweight groups (R ¼ À0.08; 95%CI, À0.27 to 0.11), indicating that the negative impact of relative adiposity on BMD increases as adiposity increases from overweight to obese levels. These findings support the concept of "osteosarcopenic obesity," which is a deterioration of muscle and bone in the presence of, or as a result of, excess adiposity. 16 The terms sarcopenia and osteosarcopenia are associated with agerelated declines in muscle and bone. 72 The results of this meta-analysis indicate that the relationship between the muscle, bone, and adipose tissue compartments may follow similar patterns at other phases of the life cycle, ie, an increase in adipose mass in overweight or obese populations exerts a negative influence on bone, but only if accompanied by a relative reduction in lean mass, which is particularly apparent in men and in those aged less than 25 years.
In order to assess the effect of modifying covariates on study findings, the sex and age categories were included in the multilevel model. The primary outcome from these analyses was that sex was the primary moderator of the reported correlations. In particular, men were more susceptible to the negative influence of increased relative adipose mass than were women ( Table  5 ). The most likely explanation for this is the influence of female sex hormones, such as estrogen, which is a key systemic regulator of bone homeostasis 73 and is present in greater concentrations in women than in men. It is plausible that the more positive influence of adiposity on BMD in women compared with men is mediated through estrogen, given that adipose tissue is a key source of aromatase, which contributes to estrogen synthesis from androgen precursors. 74 The finding that men are more susceptible to the negative influence of increased relative adiposity is particularly relevant when considered within the context of the ever-increasing prevalence of male osteoporosis 5 and highlights the importance of considering sex-specific prevention and treatment options for both obesity and osteoporosis.
No effect of age categorization was reported when the correlation between absolute adipose mass and BMD was considered, but a parabolic element was evident in the relationship between relative adiposity and bone mass. Negative correlations between bone and relative adiposity were reported in the groups aged < 25 years and > 55 years, while weak evidence of a positive correlation was reported in the bone maintenance group (25-55 years). These findings suggest that the negative influence of increased relative adiposity is most relevant when bone metabolism is in a state of flux, as evidenced by the negative relationships reported during the bone growth and decline periods. Evidence supporting this negative correlation was strongest in the youngest age category (R ¼ À0.28; 95%CI, À0.45 to À0.08). These findings are particularly relevant, given that childhood obesity is increasing at an alarming rate and has been described by the WHO as one of the most serious public health challenges of the 21st century. Interventions designed to reduce childhood obesity, while concurrently protecting bone health, are of paramount importance.
A number of factors, along with their influence, should be considered when interpreting the results of this meta-analysis and designing future studies on this topic. Outcome reporting bias is particularly relevant, as a large number of high-quality studies in the topic area could not be included because they did not meet the specific inclusion criteria of this review. Consideration of such studies may add further insight into the complex relationship between excess adiposity and bone as well as the myriad nutritional, mechanical, and metabolic factors that may mediate this relationship. For example, the regional distribution of adipose tissue has been reported to influence BMD, with visceral adiposity showing negative associations with BMD in both general and overweight populations. 75 In addition, different types of bone (cortical vs trabecular) may be differentially affected, 76 while factors such as menopausal status and activity level are also likely to exert an influence on the relationship between adipose tissue and bone mass.
Bone mineral density was used as a primary outcome measure within the current study, owing to its clinical relevance, but BMD only accounts for approximately 65% of bone strength. Other factors, including bone geometry and microarchitecture, would provide additional insight into bone strength or fragility. Although DXA is a widely used laboratory-based measure of body composition and has been described as a criterion method, 38 it has limitations, including interand intramachine and software variation. 77 Its validity may also be reduced in obese individuals, whose weight is often toward the upper end of reference ranges and who may have practical difficulty fitting within the scan area. 38 Research into optimal techniques for assessment of body composition is ongoing, and more advanced assessment and imaging techniques, eg, multicomponent modeling, computed tomography, and magnetic resonance imaging, 78 may provide further insight into the relationships between adipose mass and bone. Currently, issues related to availability, radiation exposure, and the practicalities of fitting large individuals into scanning machines may preclude the widespread use of these technologies, which nevertheless represent an exciting area of ongoing research.
Practical implications
The results of this review indicate that increasing adipose mass in overweight or obese populations is negatively correlated with bone mass, but only when accompanied by a relative reduction in lean mass. These findings highlight the importance of optimizing the relative proportion between adipose mass and lean mass over weight loss per se when considering obesityrelated interventions that will also protect bone health. It is therefore recommended that obesity prevention and management programs focus on controlled adipose loss with concomitant preservation of lean muscle mass. A number of strategies have been proposed that may facilitate this. Recently, exercise-induced weight loss was reported to induce body mass losses similar to those resulting from caloric restriction or from a combination of exercise and caloric restriction but to prevent attenuations in muscle mass. 79 The mechanical loading provided by exercise has long been reported to be osteogenic, 28 and therefore it is suggested that obesity management programs include physical activity components, the exact attributes of which should be tailored to the specific requirements of the individual.
Energy deficit is required in order to allow oxidation of adipose stores; however, a negative energy balance has also been reported to negatively impact bone metabolism. 80 The consumption of a high-protein diet has been suggested to preserve lean mass during times of energy deficiency, 81 provided it is accompanied by an adequate intake of calcium, thereby exerting an indirect and positive impact on bone. In support of this is evidence that lean mass was preserved and the bone metabolic profile (ratio of PINP to CTX, markers of bone formation and resorption, respectively) was more positive in a group of overweight individuals who were fed a high-protein, high-dairy hypocaloric diet during a period of exercise and diet-induced weight loss. 82 Dietary strategies should also emphasize nutrient-dense food sources, eg, unprocessed fruits and vegetables, to ensure that micronutrient and phytochemical intakes are adequate.
CONCLUSION
This meta-analysis demonstrates opposing relationships between adiposity and BMD, with absolute adipose mass having a positive correlation and relative adipose mass a negative correlation with BMD. Sex and age exerted moderating influences on these correlations, with men and individuals aged less than 25 years being more susceptible to the negative influence of increasing levels of relative adipose tissue. The results of this metaanalysis should be considered when devising nutritional and training strategies to protect bone while treating obesity. They lend support to the importance of maintaining lean mass and reducing the relative proportion of adipose mass, rather than emphasizing weight loss per se.
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